This paper presents a method of approximating the Ricean K-factor based on the instantaneous static environment. The strongest signal propagation paths are resolved in order to determine specular and diffuse powers for approximation. The model is experimentally validated in two different urban areas in New South Wales, Australia. Good agreement between the model and experimental data was obtained over short-range communication links, demonstrating the suitability of the model in urban VANETs. The paper concludes with recommendations for methods to account for vehicles in the simulation and incorporating additional phenomena (such as scattering) in the approximation.
Introduction
Research into vehicular ad hoc networks (VANETs) is highly dependent on the characteristics of the channel over which they operate. Many VANET protocols and architectures are intended for use in built-up urban environments, which are subject to complex fading and shadowing effects at a variety of time-scales.
The presence of vehicles and meteorological phenomena are further complications which need to be taken into account if the real-world behaviour of a proposed VANET system is to be completely understood.
Experimental work with VANETs is inherently more challenging compared to other ad-hoc networks, and it is difficult to produce truly representative results without the expenditure of impractical amounts of time and money. Therefore, accurate and flexible simulation tools are of critical importance to any study into VANETs.
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However, a method of approximating variations in the diffuse signal power remained elusive.
A study of the CDMA channel in forested areas was presented in [11] . It concluded that the Rayleighbased modelling commonly used to predict the performance of CDMA base stations leads to overestimation of channel attenuation. If the Rayleigh assumption is used to set transmitter power levels, the overestimate of attenuation results in excessive levels of inter-cell interference. The authors show how the channel is better modelled as Rician, with a variable K-factor. While the work was primarily focused on influence of vegetation surrounding wireless transmitters on channel behaviour, the authors identified the importance of considering the effects of engineered structures (such as buildings). The authors primarily attribute the difficulty in finding a direct correlation between K-factor and vegetation density to the influence of anthropogenic environmental factors, demonstrating the need to consider surrounding building geometry in modelling of non-stationary fading.
In order to show the invalidity of the WSSUS assumption in VANETs, [3] uses two metrics, spectral divergence and coherence bandwidth, to analyse the channel in both the time and frequency domains. While the VANET channel was shown to violate the WSSUS assumption, the authors discovered there are so called regions of stationarity: areas in both time and frequency domains where the channel is locally WSSUS.
However, it is noted in [4] that these regions of stationarity, while within the frequency range of 802.11p, may not last as long as the typical duration of a transmitted data frame. Acknowledging this problem, the authors of [12] present an optimised parameterisation of a local scattering function. They developed an estimator of the scattering behaviour of the environments in which they conducted their measurements, and then configured the parameters of the function based on channel measurements made in those areas.
Experimental measurements have since been used to model the behaviour of the K-factor. The first attempt to develop an analytic approach to K-factor modelling was published by Messier et al. in 2009 [9] . The authors conducted a wireless communication survey in a dense urban area in Canada, applying a moment-based K estimator from [5] . By analysing the statistical distribution of the K-factor measurements, they produced a Gaussian-based stochastic approximator for the K-factor that can be used in simulation.
This provided a statistically accurate model of K-factor dynamics.
A similar approach was presented in [7, 8] . The authors used the results of the measurement campaign from [3, 4] and analysed the K-factor dynamics of the experiments, finding the parameter to vary in time, frequency, and space. They also found that the K-factor is dependent upon elements of the surrounding environment, such as the presence of scatterers and reflectors. The authors make an additional contribution in [8] , in which they configure the parameters of a bi-modal Gaussian distribution to generate K-factors with the same statistical properties as those derived from their experiments.
A drawback of these stochastic models is that they are only useful for simulating the particular site of the original measurement campaign. A new set of channel measurements must be taken for any area an investigator wishes to simulate, which can be impractical for large cities. An additional limitation is that while simulations based on this model may give accurate mean results for the entire area in which the original measurements were taken, due to its statistical nature, it may be inaccurate for a specific location within that environment.
An alternative approach to channel modelling is applied in [13] . The authors propose a geometry-based stochastic channel model (GSCM) to compute the channel impulse response based on the distribution of mobile (i.e. vehicles) and stationary (i.e. roadside trees and lamps) scatterers, and verified the model using a channel measurement campaign in Lund, Sweden. In the model, the scatterers were randomly distributed between lanes of a highway and along it's length. This work also discusses the possibility of using vehicular mobility models (e.g. SUMO [14] ) in the computation.
This methodology was extended in [15] . As in [13] , the authors stress the use of simplified ray-tracing approaches through 2D representations of the simulation environment to parameterise the channel impulse response. The complete parameterisation of the model is presented for various environments (e.g. campus roads and highways) for use in V2V scenarios, along with verification of the proposed model compared with GSCM. These models are of particular interest, as they show that the VANET channel may be modelled using simplified geometric components.
K-factor Approximator
By analysing the signal paths intercepted by the receiver, the K-factor for that source-destination channel may be approximated. Knowledge of the environment -in particular, building geometry, placement, and composition -is required to determine the multi-path components necessary for the approximation.
K-factor Approximation Method
Power radiated from an omnidirectional antenna is quantised (in two dimensions) into N ray rays, each having an initial power level of
where P T X is the total transmission power of the wireless device, and G T X is the gain of the device's antenna.
The quantised rays are radiated in all directions from the transmitter. A ray is determined to have been intercepted by the receiver if it passes through the effective aperture of its antenna. The effective aperture is given by
The power contribution of the i'th received ray is determined by the number of reflections it has undergone, N ref i
, and the reflection coefficient Γ of each reflective surface. Γ is dependent on the relative permittivity of the surface material ε R and the incident angle θ I :
Consecutive reflections are modelled by multiplying their reflection coefficients, such that the combined coefficient of the i'th ray is
and the power of the ith ray is
The receiver forms a set Q of rays that pass through its aperture after reflecting through the environment.
The specular and diffuse ray sets are then
(7) has the useful property of being scale-invariant. That is, it is independent of the transmitter power or gain. By substituting (6) into (7):
Thus, the approximator is purely a function of the communication environment. This was predicted by
Messier et al in [9] . It should be noted that the formula is not independent of the receiver properties, in particular, it depends on the effective aperture of the receiver.
Ray-launching Algorithm
As a proof-of-concept, a simple geometric intersection algorithm was used to trace rays through a topdown view of the building environment, with the faces of each structure tagged with the permittivity of the material from which that structure is composed. The model is purely two dimensional; it is assumed that there are no overhead reflectors -meaning that any signal power directed skyward can be considered lost (a similar approach to models proposed in [13, 15] ). Considering only a two-dimensional plane simplifies the modelling of K-factor while simplifying construction of the simulation scenario and minimising computational complexity.
The ray-launching approach allows for multiple receivers to determine the K-factor for specific channel to the transmitter using a single execution of the algorithm, shown in Figure 1 . The initial length of each ray, d max , is determined by the free-space pathloss model as
where S is the sensitivity of the receiver. This criterion introduces a dependence of the approximated Kfactor on transmission power. However, this dependence does not affect the magnitude of the result, but rather the maximum distance over which approximation is valid. When a reflection occurs, the new ray's coefficient is computed from (4), and it's length is given by
Once the algorithm has computed the ray distribution for the given number of rays initially launched from the transmitter, each receiver can simply use its location and effective aperture size to calculate the number and power of rays (out of the total launched) reaching the aperture, and hence obtain the total power received at that location. The resultant set of ray paths are used to determine the K-factor as per (7).
Performance Considerations
A multithreaded implementation of the algorithm has a worst-case execution time of the order of
where ρ B is the density of buildings per unit area, µ E is the average number of edges per building, and N core is the number of cores used in the simulation. Typical execution time for the ray-launcher is explored in Section 5.
Building Geometry Data
At present, this model does not take vehicles into account; only static building geometry is considered.
The building data is taken from Open Street Maps (OSM) [17] . It is straightforward to add additional attributes to the XML descriptors of building definitions provided by Open Street Maps, including the material out of which each building is predominantly composed. The validity of this method has previously been established in [18] ; the authors found the approach provided results in close agreement with those obtained by applying building data supplied by local government, especially in verifying channel sounder measurements with raytracing simulations [19] .
Permittivity of Building Materials
The permittivity of several common building materials at 2.41 GHz is listed in 
Experimental Work
A set of experiments was carried out in order to obtain measurement of K-factor and PDR in live traffic situations. The approximation method presented in Section 3 was verified by comparison of its K-factor estimates with the results of these experiments. The methodology applied here will also be adopted for the simulation.
The experiments were conducted in local urban and industrial areas of Wollongong and Sydney, NSW.
These areas were selected based on their accessibility, the type and number of buildings in the area, and whether there were times at which vehicle density was very low. Two sites were chosen: Kingsway Road 
Experimental Apparatus
Two wireless testing platforms were used, each consisting of the following:
• PCEngines Alix 3d3 systems running Voyage Linux 0.8 R e ce iv e r R e ce iv e r R e ce iv e r • Ubiquiti SR-2 400mW 802.11b/g cards (ath5k drivers)
• Generic 5dBi gain omni-directional antennas
• System coordination and data logging laptop
One platform served as a stationary receiver; the other was a mobile transmitter, which travelled along the route indicated by Figures 2 and 3 , transmitting CBR bursts of 100 500-byte packets three times per second. The average data rate was 1.2 Mb/s with a carrier frequency of 2.412 GHz and a physical data rate of 11 Mb/s. This channel was selected for minimal interference from existing wireless networks following a brief survey. The receiver was additionally equipped with a Rohde and Schwarz FSH8 spectrum analyser which sampled signal spectra during as the packet burst transmissions. Packets additionally contained the GPS location of the transmitter, which were recorded together with signal power and Packet Delivery Ratio (PDR) measurements for each burst. Data was collected as the transmitter made ten circuits, at a constant speed of 20 km/h.
Transmitter positions were quantised to ten metre increments over the total length of the test path.
Signal measurements were then collated at each of these transmitter positions, from which K-factor values were extracted. PDR measurements were collated for MAC layer performance comparison.
Estimation from Experimental Data
While the most accurate method of K-factor estimation would be a best-fit curve matching of the Signal Power CDF, this method was difficult to reliably automate. There exist a number of alternative momentbased methods in the literature. Of these methods, the estimator proposed by Greenstein was most easily applied to the data collected from experiment [22] . Greenstein's estimator is given bŷ
where
and where c(n) is the vector of channel samples and w(n) is a rectangular window of width N W .
The accuracy of the estimation depends on the value of N W . In the experiment, it was difficult to ensure that each transmitter position received the same number of channel samples for consistent accuracy.
Thus, the analysis required a minimum number of channel samples to ensure the computed K-factor would accurately represent the dynamics of the data collected.
A simple procedure was used to determine an appropriate minimum number of samples for satisfactory statistical significance. A fading waveform of known K-factor, K n was firstly generated according to
where X 1 and X 2 are independent Gaussian random variables with zero mean. This is based on Jakes' model for Rayleigh fading, which has been used previously in this research project [23] . The error between the estimate and the true value of the K-factor, E k = K − K n was then computed for increasing values of Figure 4 shows that the error betweenK and K n decreases exponentially with increased N W . Based on curve this, a minimum sample size of 30 is selected for analysis, as the residual error is small, but N W is not impractically large (from an experimental and simulation perspective). Any transmitter positions with fewer than 30 samples were therefore excluded from analysis.
Simulation
The K-factor approximator and necessary support classes to load the building edges from the OSM maps were integrated into the OMNeT++ Network Simulator [24] . This is a widely used simulator which can be coupled to the SUMO traffic simulator [14] through the VEINS API [25] .
Both simulated nodes use the MiXiM implementation of the 802.11 MAC and PHY layers, without a network layer (as it is not relevant for this study). All packets were broadcast, removing the necessity for routing and association. Packets were sent at a static 11 Mb/s at 2.412 GHz, with the same parameters as used in the experiment (three bursts of 100 500-byte packets transmitted per second).
The approximated K-factor was not recorded in the results. Instead, for consistency with the experimental results, power measurements logged by the receiver were used to calculate the sample K-factor using the same analysis techniques as in Section 4.
The CORNER pathloss model was applied [23, [26] [27] [28] . Equation 13 used the output of the K-factor approximator to compute the fading gain. The resultant received signal power is then given by
Results
Note that in all results, K-factors are expressed as a simple power ratio (i.e. not in decibels).
Behaviour in LOS
In Figure 5 , the K-factor follows an upward trend with increasing distance, until approximately half-way down the street, at which point it begins to decrease. When the transmitter and receiver are close to each other, with reflectors nearby, the resultant diffuse paths have similar lengths and there are fewer reflections; thus they will interfere with the specular path, reducing the K-factor. As the transmitter moves further from the receiver, the diffuse paths tend to reflect more and travel further, and thus diminish to a greater degree, allowing the specular path to remain dominant. This is analogous to viewing a point light source in a dark room. When near the source, a person can easily see objects illuminated by the reflected light.
However, when viewing the source from a greater distance, reflected light becomes progressively dimmer while the point source itself remains strongly visible. Thus at greater distances, path-loss effects dominate the specular path, and the K-factor falls.
The normalised autocorrelation of the K-factor against distance was computed for the simulation with 1024, 2048, and 4096 rays as well as the experimental data. These curves are shown in Figure 6 . The approximator performance converges to the experimental results as the number of rays increases, as expected. Figure 7 shows a plot of PDR versus distance. The plots show a close agreement between the experimentally measured PDR in the simulation results over the first 100 metres (beyond 100 metres, connectivity is intermittent and so an accurate PDR estimate is difficult to obtain). Increasing the ray count beyond higher than the simulation. The discrepancy between experiment and simulation may be attributed to an observed pseudo-waveguide effect caused by building walls [28] , which may boost received signal power and thus PDR. Since the simulation does not attempt to account for this effect in the pathloss calculations, the mean PDR is slightly lower than observed in the experiment.
Despite these discrepancies, there is agreement between experiment and simulation over short range. As mentioned in [29] , a transmission range of 100 metres is sufficient for most VANET applications. This is an important result in the application of this K-factor model to the validation of certain VANET scenarios, such as clustering, RSU association, and vehicular collision warning systems.
Approximator Issues
While in LOS, the proposed system provides a good representation of the experimental K-factor. However, the experiment data reveals certain issues with the approximator in terms of vegetation and NLOS scenarios.
Behaviour in NLOS
Initial analysis of K-factor distribution plots for Miranda, shown in Figure 8 , revealed that experimental K-factors tend to be higher in NLOS than in LOS at shorter ranges. In the NLOS case, even though there is no direct path, some signal power is diffracted around building corners; it seems that these refracted signals remain dominant over reflected paths, resulting in a higher K-factor in the NLOS case. Figure 9 shows that in the NLOS case, the K-factor can be up to four times greater than the corresponding values in the LOS case. Figure 9d shows a sudden increase in K-Factor values beyond approximately 120 metres. This matches with the four readings after the turn into Penprase Lane in the corresponding satellite image, suggesting that significant power is lost through diffuse rays which escape via intersecting side-streets.
Additionally, these areas have significant numbers of road-side trees and other foliage, which can act as an absorbent or scattering medium.
These results indicate a current drawback of the approximator presented in Section 3. Specular rays having undergone no reflections are required for a non-zero K-factor, meaning that NLOS scenarios would result in Rayleigh fading. However, the results show the possibility for the K-factor to be non-zero in NLOS.
In future work, the approximator may need to be modified to incorporate diffraction effects that lead to non-zero K-factors when the source and destination are not in direct line of sight.
Vegetation
The results of the experiment and corresponding simulations are included in Figure 9 The experiment results indicate that vegetation is absorbing signal power, which prevents it from reflecting off buildings and other objects. As a result, less diffuse power is reaching the destination and the K-factor is thus higher. Future work will entail further experiment to determine the extent of absorption to adequately account for the presence of vegetation in K-factor approximation.
Computational Complexity
The simulation recorded the time taken for each pass of the path resolver at different ray counts, and the results compared with the predicted time complexity given in Section 3.2, shown in Figure 10 .
The simulations broadly followed the predicted execution time. It should be noted that in the simulation, only one car was transmitting with no acknowledgement frames being exchanged. In a full VANET simulation, in which hundreds of vehicles are present and transmitting regularly, execution times make simulation computationally infeasible.
Due to the static nature of buildings, the ray-launcher may be moved into a pre-simulation step. During the preparation of the road network from OSM data, a separate program may calculate and store K-factors for pairs of transmitter and receiver positions to be indexed in simulation. In so doing, the ray-launcher need only be run once, and the file retained along with the rest of the road and traffic load data.
Vehicle Considerations
Experiments were also conducted on Burelli Street during the day, when vehicles were present, and the results compared to simulation. Figure 11 indicates the most direct effect of the presence of vehicles is a significant reduction of the K-factor. The low K-factor suggested a Rayleigh fading channel in this area; however, additional simulations with K = 0 do not support this conclusion, as seen with the PDR plot in The plots of signal power shown in Figure 12 suggest that, in the absence of vehicles, the waveguide effect observed at Burelli causes a significant boost in signal power. This presence of vehicles negates this boost, suggesting that vehicles block or scatter signal power that reflects from roads and building walls.
Shadowing effects typically exhibit a log-normal distribution [30, 31] . The combined attenuation due to shadowing and Rician fading then becomes log-normal-Rice distributed. The measurement campaign in [32] found that the parameters of the Rice and log-normal distributions were uncorrelated, meaning that the attenuation due to shadowing can be independently modelled using a separate approach. However, this introduces the need for an additional method to estimate the parameters of the log-normal distribution based on vehicle density in the LOS path. While the development of such an approximator is an objective of ongoing research in modelling scattering due to atmospheric turbulence [33] , there is currently no known as buses, the distribution is better described by Nakagami-M models [34] . On the other hand, deterministic models such as the knife-edge diffraction model have been implemented and are well-known, and appear to be sufficient to capture the transient nature of vehicular obstructions. Therefore, the deterministic method is preferable.
Further simulations were carried out using a three-ray knife-edge shadowing model as proposed by Wang et al. [35] . The authors had performed experimental verification on their model, and found good agreement between measurement and theory. This model was implemented in OMNeT++ and simulated on top of the K-factor approximator. 
Discussion and Conclusions
This work presented a method for generating a good approximation of the Rician K-factor through a simple ray-casting model of the propagation environment. Experiments have been performed in a vehicular environment, both in the presence and absence of vehicles, revealing certain properties of the K-factor with respect to the environment. Vegetation appears to exert a shadowing and absorption effect rather than scattering. A particularly interesting result is that intersections result in an increase in the magnitude of the K-factor, which appears to be a result of diffuse signal power escaping and becoming unavailable to the receiver. These experiments, in conjunction with simulation work, have verified the validity of the proposed the K-factor approximator.
The model will be particularly useful in improving the accuracy of simulations for short-range VANET applications, for example, in simulating clustering and RSU association. It is best suited to modelling builtup urban environments with minimal vegetation, such that the only environmental objects of great influence are buildings. The future addition of an appropriate vehicular shadowing model will make the proposed channel model very useful for accurate multi-vehicle VANET simulations. The principle bottleneck in such use is the prohibitively time-consuming ray-launching algorithm which would need to be repeated for each transmission. However, it is likely that further opportunities for optimisation still exist, which will reduce the necessary simulation time.
Other planned future work includes the incorporation of a wider range of phenomena to be considered in the approximation. This includes smaller static objects, such as lamp-posts which are more likely to scatter signal power than reflect it. Vegetation should also be considered in order to improve the approximator's applicability in a wider range of environments. The antenna's location and radiation pattern also should be considered, as well as V2I properties, since both will influence the behaviour of the VANET channel [36] .
As the ray-launching algorithm was chosen purely to prove the concept of K-factor approximation via path resolution, another avenue of improvement is to research different methods of acquiring the necessary multipath data. Ray-tracing using graphics hardware has been extensively researched for modelling all elements of the channel [37] [38] [39] . Due to the much smaller scale objective of modelling K-factor dynamics, simplified approaches can be used to obtain multipath component data with faster execution times.
